MicroRNAs are important regulators of plant growth and development. Previously, we identified a group of conserved and novel miRNA families from soybean roots.
Introduction
Small regulatory RNAs (20-31 nt in size) play important regulatory roles in the development of higher eukaryotic organisms. MicroRNAs (miRNAs) in particular, have been shown to regulate several essential biological processes in higher plants.
miRNAs are 21-24 nucleotide in length. These miRNAs are synthesized from 70 to 300 bp pri-miRNAs, which are first transcribed by RNA polymerase II. The pri-miRNA is then processed by DCL1, a Dicer-like protein known to assist in miRNA maturation, in two or more steps to generate a miRNA:miRNA* duplex, resulting in mature miRNA and its near complementary strand (Bartel, 2004; Chen, 2009 ). This duplex is unwound into single strands by a helicase and the mature miRNAs are selectively loaded to the RNA-induced silencing complex (RISC).
Complementary between miRNA and its mRNA target results in either cleavage of target mRNA or inhibition of translation. The former mechanism is most common in plants whereas the latter mechanism is most common in animals (Mallory and Bouche, 2008) . miRNAs have been discovered through genetic and direct cloning (Reinhart et al., 2000; Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and Ambros, 2001 ). In plants, miRNAs are also found by direct cloning after isolation of small RNAs (Reinhart et al., 2002; Sunkar et al., 2005; Subramanian et al., 2008) , or computational prediction followed by experimental validation (Wen et al., 2008; Zhou et al., 2009) . In higher plants, at least 27 miRNA families in 71 different plant species have been identified (miRbase v14.0; (Griffiths-Jones, 2006) . The rate of miRNA discovery has increased dramatically with the advent of novel high throughput sequencing methods and improved computational and experimental methods to validate genuine miRNA genes. (Xie et al., 2005; Lu et al., 2006; Rajagopalan et al., 2006) , rice (Sunkar et al., 2005) , wheat (Yao et al., 2007) , Medicago truncatula (Jagadeeswaran et al., 2009; Lelandais-Briere et al., 2009) , and soybean (Subramanian et al., 2008; Joshi et al., 2010) .
Examples include Arabidopsis thaliana
The plethora of plant miRNAs target a large number of genes that function in plant development, including auxin signaling (Wang and Li, 2007; Meng et al., 2009 ), boundary formation/organ separation (Berger et al., 2009; Chitwood et al., 2009) , floral development and vegetative phase change (Willmann and Poethig, 2005; Zhang et al., 2007) , leaf organ morphogenesis and polarity (Nogueira et al., 2006; Husbands et al., 2009) , as well as shoot and root development (Laporte et al., 2007; Chuck et al., 2009 ). However, the functions of a large majority of these novel miRNAs remain to be elucidated. All miRNA functions identified so far came from analyses of a handful of miRNA families (Bartel, 2009 ).
Recent studies have discovered novel and species-specific miRNAs from leguminous plants. In Medicago truncatula, 25 conserved miRNA families and 100 novel miRNA candidates were identified using high-throughput sequencing and computational analysis (Szittya et al., 2008; Jagadeeswaran et al., 2009; Lelandais-Briere et al., 2009; Zhou et al., 2009) . In Phaseolus vulgaris, 16 conserved miRNA families and six novel miRNAs in response to stress were identified (Arenas-Huertero et al., 2009 ). We and others also reported at least 42 conserved and 87 novel miRNAs from soybean (Subramanian et al., 2008; Wang et al., 2009; Joshi et al., 2010) . Additional large-scale sequencing targeting soybean and M. truncatula small RNAs have been carried out (Vodkin and Meyers, personal communications).
The conserved legume miRNAs, such as miR399 from P. vulgaris was shown to negatively regulate the ubiquitin E2 conjugase during phosphorus starvation responses (Valdes-Lopez et al., 2008) . This function was consistent with miR399's function reported in Arabidopsis. However, none of the novel miRNAs has been investigated for their functions other than tissue specific expression analysis (Jagadeeswaran et al., 2009; Joshi et al., 2010) .
One important area of legume miRNA research is to decipher their roles in legume-rhizobium symbiosis. Legume root infected by Rhizobiaceae bacteria develop a specialized symbiotic organ known as nodules that are capable of fixing atmospheric nitrogen (Crespi and Frugier, 2008; Markmann and Parniske, 2009) . Two conserved miRNAs have been studied in Medicago truncatula for their functions during nodulation. miR169 was shown to regulate MtHAP2-1, which altered nodule development (Combier et al., 2006) ; while over-expression of miR166 reduced the number of symbiotic nodules and lateral roots (Boualem et al., 2008) .
Previously, we generated two libraries of small RNAs from B.
japonicum-inoculated and uninoculated soybean roots and obtained approximately 350,000 tags using high throughput 454 sequencing (Subramanian et al., 2008) . We identified 55 families of miRNAs in these two libraries, including 20 families of conserved miRNAs that exist in other higher plants, and 35 families of "novel" miRNAs that had not been reported before. Out of these novel families, we classified soybean miR482 as a novel miRNA based on pre-miRNA divergence from known miR482 genes. However, the "miR482" name was assigned by the miRbase based on the homology criteria of the 22 nt miRNA sequence. In this report, we sought to examine the role of a selected group of miRNAs during nodule development in soybean. We studied their tissue-specific expression levels, expression during nodulation, identified their putative target genes, and more importantly examined the effect of their mis-expression on nodulation and root development. The results revealed that some of the miRNAs and their target genes played important roles in nodule development. It is possible that soybean evolved to utilize these miRNAs to regulate the symbiotic process.
Results

Genome organization of selected miRNAs
We had identified a set of 35 novel miRNA families from soybean (Subramanian et al., 2008) . We selected 17 moderately abundant miRNA families (at least 10 sequence reads in our high throughput sequencing libraries) for detailed Northern blot analysis.
Among these, only six had detectable expression in the roots: miR482, 1507, 1511, 1512, 1515, and 1521 (Table 1 ; Fig. 1 , and Supplemental Figure S1 ). The other 11 miRNAs were most likely expressed at levels below the limit of detection by Northern blot analysis.
We examined the soybean genome (http://www.phytozome.com/soybean) to identify genes encoding these miRNAs (Table 1) . Among these six miRNAs, four are encoded by two genes (Table 1) . However, both genes are predicted to produce identical mature miRNAs except for miR1512. The two different genes encoded two different mature forms of miR1512 (Table 1) . Interestingly, none of these miRNAs have been identified in Arabidopsis and a BLAST search of the Arabidopsis genome with these miRNA sequences did not yield any significant matches (data not shown). miR1507 might be a legume-specific miRNA family. Members of this gene family have been identified only in legume species thus far (Jagadeeswaran et al., 2009; Lelandais-Briere et al., 2009; Joshi et al., 2010) . Additionally, miR1512, miR1515 and miR1521 have not been reported in species other than soybean (as of miRbase release v14). Therefore, we examined the expression levels of these miRNAs in different soybean organs with the larger goal of identifying and understanding their role in root development and nodulation.
Tissue-specific expressions of selected novel miRNAs
We first examined the general expression levels of these six miRNAs in different organs of soybean (cv. Williams 82) by Northern blot analysis: root, stem, mature leaf, fully opened flowers, young pods, and developing seeds at stage R5 and R6.
Differential expressions of these miRNAs were observed in various organs. miR1507 was expressed in the root, stem, leaf and mature green seed (R6), but was absent in flowers, pods and younger seeds (R5) (Fig. 1) . miR482, miR1511, miR1515, and miR1521 were expressed in all organs tested, but their expression levels varied significantly (Fig. 1 ). miR482 and miR1511 had the highest expression level in stem (Fig. 1) ; miR1521 had the highest expression level in leaf; and miR1515 had a constant expression level in all the tissues (Fig. 1) . Interestingly, miR1512 was only expressed in root, undetectable in all other tissues (Fig. 1) .
Northern blot analysis of miRNA expression in nodulating roots
We then examined the expression of these miRNAS in soybean roots inoculated with B. japonicum at 0, 1, 3, 6, 9 and 12 hours after inoculation (hpi) to identify 'early' expression patterns and at 1, 3, 6 and 14 days after inoculation (dpi) to examine 'late' expression patterns. These time points represent important events during the development of nodules in soybean roots (Patriarca et al., 2004) .
Based on the expression patterns (Fig. 2) , we were able to group the miRNAs in to three classes (i) ones that had a gradual increase over the period of nodule development, (ii) ones that oscillated during nodule development, and (iii) ones that were unaffected. miR482 and miR1521 fall in to the first category. The expression of miR482 increased over time reaching a peak 6 d post inoculation, the expression of miR1521 increased gradually up to about 12 h post inoculation and reached a plateau. miR1511 and miR1512 were 'oscillators' whose expression showed two different transient increases over the period of assay; miR1511 at 1 h and 1 dpi and miR1512 at 3 h and 14 dpi. The expression of miR1507 and miR1515 were relatively unaltered over the period of nodule development. These different expression patterns suggested that these miRNAs might play different regulatory roles at early and late stages of nodule development.
Northern analysis of miRNA expression in nodulation mutants:
We then examined the expression levels of these miRNAs in the non-nodulating soybean mutant NOD49, supernodulating soybean mutant NTS382 and the corresponding wild-type cultivar Bragg. NOD49 has a mutation in one of the Nod factor receptor genes, NFR1 (Wan et al., 2008) . Soybean NFR1 is the dominant LysM-receptor kinase, thus NOD49 is impaired in Nod factor perception, including 'early' responses. NTS382 is a super-nodulating mutant with a defect in the nodule autoregulation receptor kinase (NARK) (Searle et al., 2003; Kinkema and Gresshoff, 2008) . NARK activates a shoot-derived inhibition mechanism that significantly reduces additional nodulation after initial interactions with rhizobia. In the absence of NARK-induced autoregulation, there is significantly increased nodulation in NTS382 mutant.
We examined expression of these miRNAs at 0, 6, and 12 hpi as well as 2 and 6 dpi in nodulation mutants. These time points were the ones when we observed significant changes in miRNA expression in wild-type roots. Equal amounts of RNA from all three genotypes (5 time points each) were resolved on the same gel and probed on the same blot to minimize variations and enable direct comparison. The time course of miRNAs expression in Bragg roots inoculated with B. japonicum was strikingly similar to what was observed in Williams 82 (Fig. 2) . For example, the expression of miR482 and miR1521 increased gradually over the time course (Fig. 3) as observed in Williams 82 (Fig. 2) . In NOD49 mutant roots, the basal expression of miR482 and miR1521 were noticeably higher than in wildtype roots (Fig. 3) . The expression of these miRNAs increased in response to B. japonicum inoculation in NOD49 roots similar to wild-type roots (Fig. 3) . It is likely that B. japonicum-induced expression of these miRNAs is not dependent on the function of GmNFR1. The basal levels of miR482 and miR1521 in NTS382 were significantly lower than wild-type roots. However, their expression levels increased after inoculation similar to what was observed in wild-type roots (Fig. 3) . Since B. japonicum-responsive expression of miR482 and miR1521 were not affected in both NOD49 and NTS382 mutant roots, we concluded that the Nod factor perception and nod auto-regulation had little effect on the B. japonicum-inducible expression of miR482 and miR1512. Nevertheless, it must be noted that the basal levels of these miRNAs in soybean roots seems to be influenced by these mutations.
In contrast to the above miRNAs, B. japonicum-induced expression of miR1511 and miR1512 showed strikingly opposite expression levels between wild-type and NOD49 roots. Their expression levels transiently increased ~6 hpi in wild-type roots, but decreased in response to B. japonicum inoculation in NOD49 roots. This suggested that B.japonicum-responsive expression of miR1511 and miR1512 is regulated by NFR1. The transient induction of miR1511 and miR1512 in response to B. japonicum were not observed in NTS382 suggesting that their induction might be governed by the nod auto-regulation pathway as well.
Similarly, the expression of miR1515, which remained unaffected in wild-type roots and NTS382 roots, increased significantly in response to B. japonicum inoculation in NOD49 roots. On the other hand, the expression of miR1507 was not influenced by B. japonicum inoculation in NOD49 as in wild-type roots. However, the expression of miR1507 increased upon rhizobia infection in NTS382 mutant roots. It suggested that miR1507 (and its targets) might be influenced by the nod autoregulation pathway. Any disturbance in auto-regulation led to activation of miR1507 and presumably silencing of the corresponding target genes.
In summary, NFR1 and GmNARK1 signaling might not govern B.
japonicum-induced expression of miR482 and miR1521; while both these pathways influence miR1511 and miR1512. Uniquely, the expression of miR1507 in response to B. japonicum was influenced only by GmNARK1 and not by GmNFR1. It was the opposite for miR1515 whose expression was influenced by GmNFR1, but not by GmNARK1 ( Table 2) .
Prediction of miRNA targets in soybean genome
We used a custom perl script to predict the targets of these miRNAs using the criteria and methods outlined previously (Allen et al., 2005; Schwab et al., 2005) . We used conserved miRNAs as positive controls to validate our script. We searched the soybean genome database (predicted CDS sequences; Glyma#) using the six miRNA sequences. Gaps were not allowed in the homology algorithm and G:U and other non-canonical pairs were treated as mismatches. We identified a total of 22 potential targets for the 6 miRNAs analyzed (Table 3) . Targets of miR482 were primarily Resistance (R) gene receptor kinases with two out of three targets are defense related kinases. miR1511 and 1512 targeted genes encoding protein phosphatase 2C and Copine-I-like calmodulin binding proteins respectively. The putative legume-specific miR family, 1507 targeted a sorbitol transporter like protein and others. miR1521 might regulate a putative peptidase gene (Table 3) .
Expression of putative targets in wild type and nodulation mutants
For expression analysis of the target genes, RNAs from wild type Williams 82 were isolated as described for the above Northern blot analysis. The 22 putative targets were analyzed by qualitative reverse transcriptase-PCR. The expression of only 13 genes could be detected in roots (highlighted in Table 3 ). The expressions of these 13 genes were assayed by quantitative real-time PCR (qRT-PCR). The same sets of tissues used for Northern analysis of miRNA expression in response to B. japonicum inoculation were used to examine the expression of target mRNAs by qRT-PCR.
We compared the expression patterns of miRNAs and their respective targets to identify if any of the miRNA-target pairs had inverse expression pattern. Five target genes and corresponding miRNAs, Gm12g28730 and Gm17g04060 (miR482), Gm06g42720 (miR1511), Gm04g05920 (miR1512), Gm08g12340 (miR1521), showed very good correlations in all three soybean lines ( Figure S2 ).
For example, miR482 and its target Gm12g28730 gene showed strong inverse expression patterns (Fig. 4) . In wild type Bragg roots, the expression of the target gene was significantly reduced at 12 h and 2 d, coinciding with the increased expression of miR482. Remarkably, in the NOD49 mutant roots where the expression of miR482 was decreased in response to B. japonicum inoculation, expression of Gm12g28730 was very high at the corresponding time points, suggesting that the expression of Gm12g28730 was indeed down-regulated significantly by miR482 during nodulation. In the NTS382 mutant, miR482 expression was first increased and then decreased, while Gm12g28730 was first suppressed and later expressed at higher levels, matching the miR482 expression levels perfectly.
However, the remaining eight predicted targets did not clearly match the expression levels of their corresponding miRNAs. As shown in Supplemental Figure   S2 , these putative target genes mostly had higher expression levels at 12 hours after inoculation, when most of the miRNAs had very high expression levels. It should be noted that we examined expression levels of miRNAs and their targets using RNA isolated from whole roots. It is possible that miRNA regulation of these targets occurs in specific root tissues to fine tune gene expression. Such regulation can only be detected by in situ expression assays.
We then experimentally validated the predicted targets of miRNAs using 5'RACE analysis. Cleavage products were amplified using nested gene-specific primers and sequenced. We selected targets of miR482, 1512, and 1515 for 5'RACE analysis. The targets were selected based on their ability to alter nodule number (see below). We detected cleavage products for all examined targets at the expected site of miR-binding except for the target of miR1512 (Table 4) . These results suggested that our target gene prediction was reliable. For the target genes that did not have reverse expression patterns with their corresponding miRNAs, some other regulation mechanisms existed to control their gene expression levels.
Constitutive over-expression of miR482 and miR1515 increased nodule numbers in transgenic soybean hairy roots Next, we examined the effect of over expression of miR482, miR1507, miR1512, and miR1515 on nodulation of soybean roots. These were selected based on the expression of their targets during nodule development. The expression levels of the targets of miR1511 and miR1521, were deemed too low for downstream analysis, thus were not included in the transgenic experiments (Supplemental Figure S1) . We cloned the pri-miRNAs of the above four miRNAs by PCR and cloned them into a binary vector (pCAMGFP-CsVMV:GWOX; see Methods) and generated hairy root composite plants using Agrobacterium rhizogenes. The vector has a GFP cassette for identification of transgenic roots. The promoter that controlled miRNAs expression was a strong constitutive promoter from the Cassava Vein Mosaic Virus (CsVMV).
The empty vector-transformed roots were used as controls. Hairy root composite plants were examined for root growth characteristics (root length, number of lateral roots) and nodulation by B. japonicum. First, we verified over-expression of miRNAs in transgenic roots by Northern blot analysis. Total RNAs were isolated from GFP positive roots four weeks after Agrobacterium inoculation. The results confirmed that all four lines had significantly higher miRNA expressions (Fig. 5) . Under our growing conditions, over-expression of these miRNAs did not cause any significant changes in root growth characteristics examined. Compared to vector-transformed controls, the four transgenic lines showed no obvious differences in root length or lateral root density (data not shown).
We then examined the nodule primordia numbers in the transgenic hairy roots approximately 10 days after rhizobia inoculation. The GFP-positive roots were collected; the tissues were cleared; and the roots were stained with methylene blue.
We found no statistical difference among all four miRNA-over-expressed lines and vector transformed controls. We observed miR482, miR1507, miR1512, miR1515, and vector control have 0.295 ± 0.107, 0.641 ± 0.105, 0.348 ± 0.190, 0.383 ± 0.220, and 0.456 ± 0.210 primordia per mg of dry root (average ± SD), respectively. However, the nodule number per transgenic root varied significantly. Transgenic roots over-expressing miR482 exhibited a dramatic increase in the formation of mature nodules compared to control vector roots (Table 5) . Likewise, transgenic roots over-expressing miR1515 had 1.5-fold higher nodule count compared to vector controls, which is statistically significant (P<0.05). In comparison, over-expression of miR1512, miR1507 did not alter nodule numbers significantly. These results provided genetic evidence that miR482 and miR1515 might regulate nodulation in soybean roots.
We also examined the expression levels of the putative target genes that have been confirmed by 5'RACE (Table 4 and Supplemental Fig. S3) . In miR482 over-expressing lines, one the target genes, Gm12g28730, showed significant reduction in levels compared to vector transformed controls. The other putative target, Gm17g04060.1, was not significantly changed. In the miR1515 over-expressing lines, Gm09g02920, also showed significant reduction in expression. This result further confirmed that Gm12g28730 (a GSK3-like kinase) and Gm09g02920 (a putative Dicer-like protein) are the targets of their corresponding miRNAs, and they might play a role in the nodulation process.
Nodulation-induced expression of miRNA genes increased the nodule numbers in transgenic hairy roots
To reduce the pleiotropic effects of constitutively over-expressing miRNAs, the above four miRNAs (miR482, miR1507, miR1512, miR1515) were expressed in roots using the rhizobium-responsive soybean promoter ENOD40. The ENOD40 promoter is expressed at very low levels in lateral roots in uninoculated roots. Its expression increases significantly in response to rhizobial inoculation and is very high in nodule tissues (Yang et al., 1993) . We examined the expression of a ENOD40:GUS construct in soybean hairy root composite plants and observed expression level consistent to previous reports (data not shown) .
The root phenotypes of these transgenic lines were characterized as above after generating hairy root composite plants. There was no significant difference in the number or density of lateral roots. However, the nodule number per transgenic root varied significantly between different constructs (Fig. 6 and Table 5 ). Roots expressing miR482 in a rhizobium-inducible manner exhibited a dramatic increase (2-fold higher) in the number of mature nodules compared to control vector roots, consistent with what was observed in roots constitutively over-expressing miR482.
This observation suggested that the proper regulation of miR482 expression (and perhaps its targets) in nodule tissues might be crucial for proper regulation of nodule numbers. Either over-expression or nodule-specific mis-expression of miR482 led to an increase in nodulation. Further examination of miR482 during nodule development by in situ hybridization and expression of miR-resistant targets of 482 in soybean roots might provide further insights in to the role of miR482 during nodulation.
In contrast to miR482, ENOD40 driven expression of miR1515 did not significantly alter the number of nodules whereas constitutive over-expression of miR1515 resulted in a significant increase in the number of nodules. This indicated that miR1515 might not play a significant role in nodule tissues. It is possible that increased nodule numbers observed in miR1515 over-expressing roots was due to pleiotropic effects on the roots. We cannot exclude the possibility that miR1515 might play a role in nodule associated tissues where ENOD40 is not expressed. Neither over-expression of miR1507 by CsVMV promoter nor mis-expression by ENOD40 promoter significantly altered nodule numbers suggesting that it might not play a crucial role in regulation of nodulation in soybean.
Interestingly, the expression of miR1512 under the control of ENOD40 promoter resulted in a significant increase in nodule numbers whereas its constitutive over-expression under the control of CsVMV promoter did not significantly alter nodule numbers when compared to control vector roots. It is possible that ENOD40-driven expression of miR1512 in nodule tissues was significantly higher than CsVMV expression of the miRNA resulting in a more significant silencing of targets. A more interesting possibility is that difference in expression gradients of miR1512 between nodule tissues and surrounding tissues might be crucial for the regulation of nodule numbers. The results suggested that miR482, miR1512, and miR1515 might play specific and important functions during soybean nodulation.
Additional experiments such as examination of tissue-specific expression of miRNAs and their targets, expression of miR-resistant targets and mis-expression and over-expression of these miRNAs in supernodulating mutant roots might provide additional insights in to the function of these miRNAs in nodulation.
Discussion
B. japonicum-induced miRNA expression in soybean roots
We had earlier reported regulation of a number of miRNAs in response to B. japonicum inoculation in soybean roots (Subramanian et al., 2008) . Further analysis of a selected set of miRNAs in this study revealed interesting patterns of miRNA expression during the course of nodulation. A set of miRNAs (miR482 and miR1521) were induced in response to B. japonicum, but were independent of the putative nod factor receptor NFR1. While nod factors are major signaling molecules during rhizobial symbiosis, a number of genes are induced independent of nod factor perception during nodulation. For example, in M. truncatula hcl-1 (null allele of LYK3, the ortholog of the nod factor receptor NFR1) mutant roots, the induction of only about 50% of the genes are impaired (Catoira et al., 2001; Mitra and Long, 2004; Smit et al., 2007) . It is likely that these genes are induced in a non-specific manner or through signaling by other rhizobium-associated molecular signals such as exopolysaccharides. In some legume species (e.g. alfalfa), these exopolysaccharides help evade plant resistance mechanisms (Cosme et al., 2008) . It is interesting to note that miR482 regulates resistance-associated R genes. It is possible that modulation of plant defense mechanisms occurs to accommodate symbiosis and nodule development.
B. japonicum-regulated expression of miR1507, 1511 and 1512 were influenced at least in part by the nod factor receptor NFR1 or the nodulation autoregulation kinase NARK1. These miRNAs target putative signal transduction components such as PP2Cs, Copine-like calmodulin binding proteins, and small GTPase. Additional experiments to examine the functional significance of these targets in nodule development are necessary. These might be novel signaling elements in nod factor signaling pathway, nodulation autoregulation pathway, or might play a role in nodule development.
Novel miRNAs that play a role in nodulation
In addition to discovering the regulation of a number of novel miRNAs during nodulation, we also identified miRNAs that might play a significant role in the process. Previously, only two miRNAs have been shown to affect nodule development. (Table 5 ). Some targets of miR482 are R genes involved in plant disease resistance (Table 3) . Indeed, we experimentally validated miR482-directed cleavage of two of these targets in soybean roots (Table 4) Although its pri-mRNA is highly divergent, miR482 has been reported in poplar (Lu et al., 2005; Lu et al., 2008) , where it is mostly expressed in leaf and xylem tissues (the root expression was not shown). Interestingly, the poplar miR482 also targets putative disease resistant proteins. There are also four copies of miR482 from pine in the miRBase without detailed functional analysis (Lu et al., 2007) .
Over-expression of miR1515 that regulates a Dicer-like protein (closest Arabidopsis homolog is DCL2) and nodule-specific expression of miR1512 that regulates Copine-like calmodulin-binding proteins also increased the number of nodules (Table 5 ). miR1512 was a root specific miRNA while miR1515 expressed evenly in all tested tissues (Fig. 1) . miR1512 was an "oscillator" during the nodulation process. It had two highly induced periods, 3 hpi and 6 dpi (Fig. 2) .
ENOD40-induced expression may perturb either one of these expressions. Unlike Arabidopsis DCL1 which showed drastic developmental phenotypes when mutagenized, DCL2 knock out mutants do not show major developmental defects. It has been shown to function in controlling RNA virus and transitive silencing (Diaz-Pendon et al., 2007; Moissiard et al., 2007) . However, the exact functions of this protein during symbiotic process are largely unknown. Our results identified some novel target genes and suggested novel roles of miRNAs during nodulation.
Further characterization of these miRNAs and their targets would provide interesting insights on miRNA regulated process during nodulation.
Materials and Methods
Plant Materials and Growth Conditions
Soybean Glycine max cv. Williams 82, the reference accession for genome sequencing, was used as the wild-type control for miRNA identification, cloning of miRNAs, Northern blot analysis and functional assays. For experiments involving nodulation mutants (non-nodulating NOD49 and supernodulating NTS382), we used the corresponding wild-type accession Bragg as control (These were kind gifts from Dr Peter Gresshoff, University of Queensland, Brisbane, Australia). Seeds were surface sterilized by treating with 8% Clorox bleach for 4 min, followed by 70% ethanol for 4 min. The seeds were then rinsed three times with sterile deionized water. For RNA extraction, seedlings were uprooted and rinsed briefly in sterile deionized water to remove vermiculite and perlite particles. Roots were blot dried gently and quickly with sterile paper towels, immediately frozen in liquid N 2 , and stored at -80ºC until further processing. For time course analyses, Williams 82 roots were harvested at 1, 3, 6, 12 h, and at 1, 3, 6, 14 days after B. japonicum inoculation.
Bragg and the two nodulation mutants were harvested at 6 h, 12 h, 2 d, and 6 d after inoculation. For mock inoculation, seedlings were watered with N-PNS without rhizobia.
RNA extraction and Northern blot analysis
RNA isolation and Northern blot analysis were performed essentially as described 
Qualitative and quantitative RT-PCR assays
Total RNA was treated with DNase (Invitrogen Corporation, Carlsbad, CA) to remove genomic DNA contamination. cDNAs were synthesized from 2ug total RNA by MMLV reverse transcriptase (New England Biolabs, Beverly, MA) using oligo(dT) primers, according to the manufacturer's instructions. Qualitative and quantitative
RT-PCR assays were performed using the cDNAs as template and gene-specific primers for the genes analyzed (see Supplemental Table S1 ).
Quantitative RT-PCR of miRNA targets were analyzed using SYBR Advantage qPCR Premix (Clontech, Mountain View, CA) on a StepOnePlus Real-Time PCR Systems (Applied Biosystems, Foster City, CA). For comparable quantification among different sets of primers, PCR efficiency was determined by a series of 10-fold dilutions of cDNAs (Schmittgen et al., 2004) . Estimates of initial transcript amount were performed using the comparative threshold cycle method. Relative expression levels were normalized by using actin as an internal control (Subramanian et al., 2006) . The primers were designed across the miRNAs target site and listed in Supplemental Table S1 .
Prediction of miRNA targets
Putative targets of miRNAs were predicted using criteria outlined by previous studies (Xie et al., 2004; Allen et al., 2005; Schwab et al., 2005 ) using a custom perl script.
Briefly, we used the script to search for complementary matches primarily in the "seed" region of miRNA (2 nd to 12 th nt), not allowing more than two consecutive mismatches and check for at least 70% minimum free energy compared to the perfect complement of the miRNA sequence. The script will be presented as part of a website to predict soybean miRNA targets and is available on request from the authors (Senthil.Subramanian@sdstate.edu).
5'-RACE mapping of miRNA target cleavage sites
Total RNA was isolated from roots of 4-wk-old soybean using the Plant RNA reagent (Invitrogen) according to the manufacturer's recommended protocol. The GeneRacer Kit (Invitrogen) was used to process the total RNA and map the 5' terminus of primary transcript. Exactly 2 µg of mRNAs isolated from wild type Bragg (12 hours after rhizobia treatment) were directly ligated to the RNA Oligo and reverse transcribed with SuperScriptTM III Reverse Transcriptase using Oligo (dT) primer (as provided in the kit). The cDNA samples were amplified with nested PCR according to the manufacturer's protocols. The gene-specific primers (Supplemental Table S1) were designed using the PrimerSelect program (DNAStar, Madison, WI). After amplification, 5' RACE products were gel-purified and cloned to TA vector (Invitrogen), and at least ten independent clones were sequenced for each PCR products.
respective pre-miRNA fragments were amplified by PCR from W82 genomic DNA using miRNA specific primers as given in Supplemental Table 1 , and cloned to the pGEM-T Easy Vector (Promega). The amplified miRNA fragments were gel purified (Qiagen, Valencia, CA), and subcloned into gateway vector pMH-ENTR40 (Yu et al., 2006) to produce a set of gateway entry vectors. The entry vectors were then swapped with the pCAMGFP-GWOX destination vector, which contains a CsVMV promoter-driven expression cassette for constitutive expression; and the pCAMGFP-ENOD40-GWOX destination vector, which contains a soybean ENOD40
promoter-driven cassette for nodulation-inducible expression. The clones were verified by enzyme digestions and sequencing. These binary vectors were electroporated into Agrobacterium rhizogenes strain K599.
Composite Plant Transformation and Analyses
Soybean transformation to generate hairy root composite plants were performed as described previously (Collier et al., 2005) . Briefly, soybean seeds were surface For statistical analysis, the entire experiment was repeated three times over the period Total RNA was extracted from soybean roots at various time points (Lane 1, 0 hpi; Lane 2, 6 hpi; Lane 3, 12 hpi; Lane 4, 2 dpi; and Lane 5, 6 dpi) after inoculation with B. japonicum. Northern blot analysis was performed using six probes as indicated (miR482, miR1507, miR1511, miR1512, miR1515, miR1521, respectively). Table 2 : miRNA had different expression patterns in soybean nodulation mutants.
"↑", up regulated; "↓", down regulated; "=" un-changed; "↑↑", strongly up regulated;
"↓↓" strongly repressed. 
